[ [1, 5] benzodiazepin-13(5H)-one derivatives were synthesized in a one-step sequential acylation-cyclization reaction with a simple procedure from an appropriate 5-substituted 3-methyl-1,3,4,5-tetrahydro-2H-1,5-benzodiazepin-2-one and 2-sulfinylaminobenzoyl chlorides. The mechanism of the heterocyclization reaction was studied by the DFT method using the B3LYP functional and 6-31+G(d, p) basis set.
Introduction
Benzodiazepines constitute an important class of psychopharmaceuticals due to their broad range of activities, in particular as tranquilizers, and they also have a traditional place in antiepileptic therapy. 1, 2 Moreover, benzodiazepines are effective as nonnucleoside inhibitors of HIV-1 reverse transcriptase. 3 Therefore, the benzodiazepine nucleus is a well-studied pharmacophoric scaffold that has emerged as a core structure unit of various biological activities and the research in this area is very active. 4 It is well documented that the pharmacological activity could be increased when an additional heterocyclic ring is fused to the heptatomic diazepine nucleus. 5 Thus, considerable attention has been directed towards the synthesis of polycyclic 1,4-benzodiazepines, as well as the 1,5-isomers. 6 Recently, many novel compounds containing heterocyclic ring systems such as triazole, thiazole, imidazole, quinoline, oxadiazole, pyran, oxazole, furan and pyrimidine annelated to the bicyclic 1,5-benzodiazepine have been synthesized by our [7] [8] [9] [10] [11] [12] and other research groups. 6, 13, 14 Fused quinazolinones are important heterocyclic compounds with widespread occurrence in alkaloids possessing diverse biological activity. 15 Various methods for the synthesis of these alkaloids encompassing a quinazolino [1, 4] benzodiazepine moiety in their skeleton have been developed and numerous research papers have recently appeared. 16, 17 As part of our current studies on the development of efficient methods for the preparation of polycyclic 1,5-benzodiazepines we investigated the synthesis of quinazolino [1, 5] benzodiazepines. 18, 19 A wide range of novel 6,7-dihydroquinazolino[3,2-a] [1, 5] benzodiazepinone derivatives were synthesized in a two-step method involving (i) benzoylation of variously substituted 1,3,4,5-tetrahydro-1,5-benzodiazepin-2-ones with 2-nitrobenzoyl chloride, and (ii) a metal induced reductive N-heterocyclization of the obtained 2-nitrobenzoylamides. Although this method displayed notable advantages, such as mild reaction and simple operation, it is not suitable unfortunately for the transformation of appropriate 3-methyl substituted 1-(2-nitrobenzoyl)-1,5-benzodiazepinone derivatives. Herein we report a novel procedure for the synthesis of 7-methyl-6,7-dihydroquinazolino[3,2-a] [1, 5] benzodiazepinones from 5-substituted 3-methyl-1,5-benzodiazepin-2-one derivatives. Also in this article, the quantum chemical analysis of acylation-cyclization reaction mechanism is presented by calculation of reaction stationary points: reactants (R), products (P), intermediates (I) and transition states (T) on the reaction potential energy profile. 20, 21 Calculations of the intrinsic reaction coordinates (IRC) allow evaluate electron density changes along the reaction progress in the transformation from reactant to the final product. The most probable acylation-cyclization pathway is discussed in detail in the present study. Moreover, the variations of charge, bond order, and bonding character transformations on the reaction progress have been investigated.
Results and Discussion

Synthetic studies
In our previous works, the preparation of quinazolino [3,2-a] [1, 5] benzodiazepine derivatives 3 was achieved using the above-mentioned strategy which is shown in Scheme 1.
were used as starting materials. In the course of these studies it was established that 3-methyl substituted 1-(2-nitrobenzoyl)-amides 2 (R 1 =CH 3 ) did not cyclize under the reductive N-heterocyclization conditions and the appropriate tetracyclic 1,5-benzodiazepine derivatives were not formed. A theoretical computational investigation of the cyclization reaction mechanism revealed that the presence of substituents in a diazepine ring causes changes in the electron population of the frontier molecular orbitals. The presence of the electron donating 3-methyl substituent decreased the electrophilicity of the carbon C(2) atom of the heterocyclic C=O group, evoking thus the resistance for further intermolecular rearrangements. 18, 19 This exclusive behavior of starting 3-methylsubstituted compounds prompted us to develop an effective synthetic method for the construction of polycyclic 1,5-benzodiazepine derivatives. Our intention to benzoylate starting compounds 1 with N-protected anthranilic acid chloride to prepare appropriate 2-aminobenzoylamides instead of derivatives 2 was not implemented. For example, the interaction of N-trifluoroacetylanthranilic acid with thionyl chloride led to the cyclic 3,1-benzoxazin-4-one derivative. 22 A new approach to the synthesis of the title compounds is shown in Scheme 2. It is based on the use of the activated form of anthranilic acid, 2-sulfinylaminobenzoyl chloride (4) . The high reactivity of this reagent towards imines, amides and amines allows its use in the synthesis of various compounds. 24 Chloride 4 was prepared by refluxing anthranilic acid with 10-fold excess of thionyl chloride in dry benzene. After completion of the reaction (until reaction mixture turns clear, ~2h), benzene and unreacted thionyl chloride were removed in vacuum and the residual oil was used in the following experiments without additional purification. 5-Substituted 3-methyl-1,3,4,5-tetrahydro-2H-1,5-benzodiazepin-2-ones 1a-f were treated with freshly prepared chloride 4 in the presence of N,N-diisopropylethylamine (DIPEA) and a catalytic amount of 4-dimethylaminopyridine (DMAP) in dry dichloroethane (DCE) at room temperature.
This 1-N-acylation process was accompanied by simultaneous N-heterocyclization leading to the 7-methyl-6,7-dihydroquinazolino[3,2-a] [1, 5] benzodiazepinones 5a-f in 50-75% yield. Quinazolino [1, 5] benzodiazepine derivatives described previously 18 were also synthesized using this method. For example, treatment of 5-acetyl-and 5-acetyl-4-methyl-1,3,4,5-tetrahydro-2H-1,5-benzodiazepin-2-ones with 2-sulfinylaminobenzoyl chloride led to 5-acetyl-and 5-acetyl-6-methyl-6,7-dihydroquinazolino[3,2-a] [1, 5] benzodiazepin-13(5H)-ones in 65% and 77% yields, respectively. Whereas the use of reductive cyclization reaction, provided these compounds in lower yields (45-57%). 18 It should be noted that during this cyclofunctionalization reaction the formation of the intermediate acylation products, 1-N-benzoylamides, was not observed (TLC). We also found that the corresponding 2-sulfinylaminobenzoyl chlorides could be prepared from ring-substituted anthranilic acids such as 6-chloro-and 5-bromoanthranilic acids. 5-Acetyl-3-methyl-1,3,4,5-tetrahydro-2H-1,5-benzodiazepine 1a was treated with these reactants under analogous conditions and the corresponding quinazolino The structures of all synthesized compounds were characterized by elemental analysis, IR, 1 H and 13 C NMR spectra.
The IR spectra of quinazolinobenzodiazepines 5a-f, 8 and 9 show two (5a-d, 8 and 9) or one (5e,f) typical bands in the region of the carbonyl group at 1654-1706 cm -1 and C=N bond absorption peak at 1608-1619 cm -1 . The assignment of the NMR spectral lines was carried out using the substituents additivity rules, signal intensities, multiplicities, and NMR data of structurally related compounds. 18, 19 Carbon atoms are marked arbitrarily in the Figure 1 The new characteristic resonances in 13 C NMR spectra in the region of 155.7-158.3 ppm and at about 160 ppm assigned to C=N and to 1-CO groups carbon respectively also confirmed the predicted structures of compounds 5a-f.
Theoretical studies
The most possible reaction mechanism for acylation-cyclization reaction of 5-substituted 3-methyl-1,3,4,5-tetrahydro-2H-1,5-benzodiazepin-2-ones 1a-f with 2-sulfinylaminobenzoyl chloride 4 exhibited in Scheme 4.
Scheme 4. Possible mechanism for the acylation-cyclization reaction of 5-substituted 3-methyl-1,3,4,5-tetrahydro-2H-1,5-benzodiazepin-2-ones 1a-f with 2-sulfinylaminobenzoyl chloride 4.
In order to confirm this mechanism, Density Functional Theory (DFT) analysis of possible acylation-cyclization reaction pathways was performed by calculation of reaction stationary points along minimal energy path given as IRC. 20, 21, [25] [26] [27] Theoretical studies on heterocyclization reactions indicated that the activation energies as well as properties of stationary points were in a good agreement with the experimental results if the B3LYP hybrid functional at the DFT was used for the calculation. [28] [29] [30] [31] [32] [33] An attempt to choose basis sets 6-311++G(d, p), 6-31+G(d), 6-31G(d, p) and 6-31G(d) for evaluation reactions of heterocyclic systems with heavy atoms revealed that all basis sets provided almost identical results. 9,34-37 Thus, we chose 6-31+G(d, p) basis set as the best compromise between speed and accuracy for the investigation of the acylation-cyclization reaction.
The precursors 1e and 4 were selected as a model and the detailed reaction mechanism study was carried out using a transition state theory approach. 20, 21, 25, 26 Additionally the electron density transformation along the reaction minimal energy path was evaluated by calculation of Natural Bond Orbital (NBO) charges and Wiberg bond indexes (BI). 38 The polarity of reaction conditions should play a very important role in stabilization of different intermediates and transition states. 26 The acylation-cyclization reaction was modeled in the consideration of DCE solvent to simulate experimental conditions. Three presumed most probable reaction pathways (I-III) analyzed on the basis of the known experimental investigations dealing with sulfinylamine and carbonyl group interaction and acylation reaction mechanism 39 for the theoretical study of acylation-cyclization reaction are The relative B3LYP/6-31+G(d,p) Gibbs free energy (∆G ‡ (kcal/mol), relative to R) for all stationary points are given in Table S1 . (Tables S1-S5 are listed in supplementary information  file) . The B3LYP/6-31+G(d,p) calculated total energies (E) and Gibbs free energies (G) with the imaginary frequency (νi) modes of transition states are listed in Table S2 . The important for acylation-cyclization reaction progress bond distances (BD), Wiberg bond indexes (BI) and the charges on the selected atoms calculated using natural population analysis (NPA) for all stationary points are summarized in Tables S3, S4 and S5.
As shown in Scheme 6, the reaction starts with the interaction of the electrophilic C(1') carbon atom of the C(1')=O(1') group of 4 with the N(1) atom of 1e under the formation of intermediate I1. As the system moves to transition state T1, significant structural changes occur. Firstly, the chloride atom migrates toward the hydrogen atom of the N(1)-H group until the C(1')-Cl bond disruption due to the stabilizing Van der Waals interaction between the Cl and H(1') atoms within a distance of 2.7 Å. Secondly, 4 approaches 1e until the distance between the C(1') and N(1) atoms (BD C(1')-N(1)) shortens to 1.95 Å and the Wiberg bond index (BI C(1')-N(1)) increases to 0.41. Simultaneously, the positive charge on the C(1') atom in 4 increases progressively from +0.55 in R to +0.80 in T1, whereas N(1) of 1e becomes more negative (-0.65) in T1 along the same path. This exhibits a weak and highly polarized C(1')-N(1) bond formation at T1. As the system goes further to intermediate I1, H(1') migrates toward chloride until HCl molecule creation. BD C(1')-N(1) further shortens to 1.39 Å and BI C(1')-N(1) increases to 1.05. The stabilization energy of I1 is 31.84 kcal/mol for the solvent phase. The complete migration of Cl to H(1') and C(1')-N(1) σ-bond formation is the most significant change from T1 to I1. The transition of I1 via T2 to I2 requires activation energy 38.18 kcal/mol for a solvent. At this step, 4 together with N(2')-S(2')=O(2') moiety migrates towards the C(2)=O(2') bond plane of 1e with the nitrogen N(2') atom heading towards C(2) and the S(2') atom heading towards the O(2') atom until the system reaches T2. With this migration, the π-electrons from C(2)=O(2') of 1e and N(2')=S(2') of 4 are used to form new N(2')-C(2) and S(2')-O(2') σ bonds. As a result, the negative charge on the N(2') atom of the N(2')=S(2') bond decreases gradually from -0.83 in T2 to -0.69 in I2 and O(2') charge of the C(2)=O(2') bond changes from -0.73 in T2 to -0.69 in I2. It causes the N(2')-S(2') bond weakening from BI N(2')-S(2') 1.50 in I1 to 0.81 in T2 and the C(2)=O(2') bond weakening from BI C(2)=O(2') 1.75 to 0.90, respectively. Simultaneously, the new bonding interactions N(2')---C(2) and S(2')----O(2') form until the bond index increases to BI N(2')-C(2) 0.36 and BI S(2')-O(2') 0.33 at T2. As the system moves to I2, the N(2')-C(2) and S(2')-O(2') bonds further strengthen to BI N(2')-C(2) 0.96 and BI S(2')-O(2') 0.72 respectively, whereas, the N(2')-S(2') bond further weakens from BI N(2')-S(2') 0.81 in T2 to 0.74 for I2 at this step. The structure of I2 is analogous to that of T2 with the stabilization energy 23.29 kcal/mol for a solvent. The main structural change of this step is N(2')=S(2') and C(2)=O(2') bond transformations from π-to a σ-bonding character until the formation of cyclic tetragonal σ-bonded intermediate complex I2. Starting from I2, the reacting system easily reaches the transition state T3 leading to final products.
The energy barrier of the third step is 8.68 kcal/mol for a solvent. The N(2')=S(2') and C(2)=O(2') bonds disruption with simultaneous S(2')=O(2') and C(2)=N(2') π bonds creation is the main structural change of this step. Starting from I2 to T3, the electron density flows to the O(2') atom of 1e increasing the negative charge from -0.69 at I2 to -0.84 at T3, whereas, the positive charge on the C(2) atom decreases from +0.68 to +0.61 along the same path. With this charge transfer, the polarization, weakening and lengthening of C(2)-O(2') and N(2')-S(2') bonds occur. For example, the C(2)-O(2') bond weakens from BI C(2)-O(2') 0.90 at I2 to BI C(2)-O(2') 0.47 at T3 upon bond disruption at P, whereas, C(2)=N(2') bond strengthening occurs from BI C(2)-N(2') 1.08 at T3 to BI C(2)-N(2') 1.59 at the product 5e along the same path.
The detailed theoretical analysis of the interaction of 3,5-dimethyl-1,3,4,5-tetrahydro-2H-1,5-benzodiazepin-2-one (1e) with 2-sulfinylaminobenzoyl chloride (4) showed that the acylationcyclization reaction can be described as sequential three-step process. Firstly, the pre-reactive reactant complex is activated to intermediate with stabilized Van der Waals interaction between Cl and H atoms. Secondly, the Van der Waals stabilized intermediate complex transforms to the cyclic tetragonal σ-bonded intermediate complex with the activation barrier of 38.18 kcal/mol suggesting that this step along the reaction path is rate limiting. Thirdly, the tetragonal σ-bonded intermediate transforms into the final product 5,7-dimethyl-6,7-dihydroquinazolino[3,2-a] [1, 5] benzodiazepin-13(5H)-one (5e) and SO 2 with the activation barrier of 8.68 kcal/mol. During the acylation-cyclization reaction pathway, the transfer of the charge and π bond electron density is significant. This suggests the complicated nature of σ-and π-bonding transformations on the reaction path. The solvent influence on reaction rate points out that the solvents effectively lower the energy of reaction barrier and favor the reaction path.
Conclusions
A simple and efficient method for the preparation of 5-substituted 7-methyl-6,7-dihydroquinazolino[3,2-a] [1, 5] benzodiazepine-13-ones via a single acylation-cyclization process using readily available 2-sulfinylaminobenzoyl chlorides is described. Operational simplicity and good yields are the salient features of this method. This method may be applicable for the synthesis of libraries of fused polycyclic 1,5-benzodiazepin-2-ones. Furthermore, a detailed theoretical analysis of the acylation-cyclization reaction is described for the first time.
Experimental Section
Computational details
The relevant stationary points were fully optimized in the gas phase using DFT method with hybrid density functional B3LYP using 6-31+G(d,p) basis set. Stationary points were further characterized as minima with all real frequencies or as transition states with only one imaginary frequency by computations of harmonic vibrational frequencies at the same theory level as geometry optimization. The connection between the different transition states and reaction intermediates was ensured by intrinsic reaction coordinate calculations. 27 "∆G ‡ were calculated as the difference of free energies between transition states and intermediate complexes. Zeropoint energies and thermodynamic parameters at 298 K and 100 kPa were obtained from harmonic vibrational frequency calculations. In order to account for the solvent effects, the solvation energies were calculated on the gas-phase optimized structures with the self-consistent reaction field method on the basis of the polarized continuum model (PCM). 40 In this work, single-point energy calculations at the PCM/6-31+G(d,p) level were carried out in DCE solution on the basis of the gas-phase optimized geometries as implemented in Gaussian03.
41
Experimental details
Melting points were determined in open capillaries on a MEL-TEMP 1202D apparatus. The IR spectra (potassium bromide) were taken on a Perkin Elmer Spectrum GX FT-IR spectrometer. 1 H and 13 C NMR spectra were recorded on Bruker Ascend TM 400 at 302 K. Chemical shifts (δ) are reported relative to tetramethylsilane (TMS) with the solvent reference: CDCl 3 (δ 7.26 ppm), for 1 H NMR and CDCl 3 (δ 77.0 ppm), for 13 C NMR. The reaction progress and the purity of the compounds were controlled by TLC on a Merck precoated silica gel aluminum roll (60F254) with chloroform-ethyl acetate-methanol (ν/ν, 14:7:1) as the eluent. Dry column vacuum chromatography 42 was performed with silica gel 60 (0.015-0.040 mm, Merck). Microanalyses were performed with Thermo Scientific TM Flash 2000 CHNS/O analyser. The synthesis and NMR spectral data of the starting 5-acetyl-(1a), 43 5-formyl-(1b), 44 5-benzoyl-(1c), 19 5-methyl-(1e) 45 and 5-benzyl-(1f) 46 benzodiazepinones were published previously; the newly synthesized 5-ethoxycarbonyl compound 1d is described here. General procedure for the synthesis of 5-R-7-methyl-6,7-dihydroquinazolino[3,2-a]-[1,5]benzodiazepin-13(5H)-ones (5a-f, 8 and 9). A suspension of anthranilic acid (0.82 g, 6.0 mmol) or substituted anthranilic acid 6,7 and thionyl chloride (4.3 mL, 60 mmol) in dry benzene (60 mL) was refluxed until the reaction mixture became clear (2-3 h). The solvent was evaporated under vacuum. Then, dry benzene (30 mL) was added and distilled out. After repeating this procedure twice, the resulting dark oil was dissolved in dry DCE (10 mL) and added to a dry DCE solution (60-80 mL) of the appropriate 5-substituted benzodiazepin-2-one 1a-f (4 mmol) with stirring, which contains DIPEA (1.7 mL, 10 mmol) and catalytic amount of DMAP. The reaction mixture was stirred at room temperature for 18-24 h and then diluted with 150 mL of DCE. The solution washed with 5% NaHCO 3 and water, dried and evaporated to dryness in vacuum. The obtained oily residues were then subjected to a dry column vacuum chromatography (silicagel) using a mixture of DCE and ethyl acetate (3:1) as eluting solvent. After chromatographic purification, the resulting compounds 5a-f, 8 and 9 were recrystallized from dichloromethane-diethyl ether mixture. 
